Highly ordered nickel and silver nanorods arrays prepared by alumina template assisted electrodeposition were investigated to determine the effect of the array geometry on metal surface hydrophobicity and adhesion forces. The nanorod geometry, clustering and pinning were used to characterize surface hydrophobicity and its modulation. A contribution of metal crystallographic orientation to the surface energy was calculated. To characterize nanorod array surface properties and elucidate the source of the particle adhesion effects has been calculated. The dispersive components of surface tension D S γ and surface polarizability k S , as surface features that markedly characterize hydrophobicity and adhesion, were calculated. The highest hydrophobicity was found for Ag nanorods with aspect ratio of 10 then Ni nanorods with aspect ratio 10. The same geometry of nanorods particles resulted in different surface hydrophobicity and it was ascribed to the orientation of Ag and Ni crystals formed on the top of nanorods. Due to high hydrophobicity nanorod array surfaces could be used as an antifouling surface in medicine to select areas on implant surface not to be colonized by cells and tissues.
Introduction
Surface properties such as morphology are stable features of the surface, compared to chemical modifications which degrade over time [1] . For hydrophobic surfaces there are two basic approaches that can be considered to increase surface hydrophobicity: a) decreasing the surface energy by modifying the surface chemistry and b) decreasing the surface energy by increasing the surface roughness to increase the effective surface area, which can be expressed by the apparent contact angle θ rough (1) [2] : cos cos rough flat r θ θ = (1) [2] where r is the roughness factor defined as ratio of the actual surface area to its horizontal projection for Wenzel model. For the alternative Cassie-Baxter model the apparent contact angle is described by (2) [2] . where f s is the fraction of the solid surface in contact with the water droplet and is always less than one. A decrease of f s resulted in an increase of θ rough , and gradually leads to a hydrophobic or superhydrophobic surface.
One method of increasing hydrophobicity of a surface by increasing the effective area is to coat it with a layer of nanorods. Considering nanorods as having a cylindrical shape as shown in Figure 1 , the following two equations for r and f s values have been obtained [2] . where ρ is radius of the cylinder, H r is cylinder height and s is the two dimensional surface area that the nanorods have grown on and n is number of nanorods in area s [2] . Hence, two equations have been derived describing Wenzel (θ W ) (5) and Cassie-Baxter (θ CB ) (6) angles as a function of nanorod geometry [4] . In addition these highly-ordered and highly-oriented nanowire/nanopillar arrays are more promising for many applications because of their uniform functionality [5] . It has been recently demonstrated that a surface formed with metal nanorods, such as copper, may confer a strongly hydrophobic property to the surface, provided the nanorods are allowed to cluster in a particular manner [6] .
Self-organization of the nanowires can occur resulting in clustering and made them taller than a critical height resulting in surface strong hydrophobicity [6] [7]. The copper nanowires became progressively hydrophobic with an increase in their length up to 35 µm and the maximum contact angle measured was 141˚ [6] . As the liquid between the nanorods evaporates, the capillary force generated due to the evaporation pulls the nanorods together to form clusters [7] . This process, so called the "nanocarpet effect" [8] , has already been utilized to form cellular networks from carbon nanotubes arrays [9] and as scaffolds for cell culture. It was shown that a good control over the cluster size and shape enables the design of efficient applications [10] [11] [12] . This phenomenon utilizes basic contradictions that underlie adhesive hydrophobicity in the absence of an external hydrophobizing agents. While the air pockets between the nanorod clusters trap air and produce structural hydrophobicity (Cassie-Baxter), the tips of the inherently hydrophilic nanorods stabilize the air pockets by pinning [10] the solid-liquid contact line. The static state of the water droplets on the nanorod surfaces can be either in the Wenzel or Cassie-Baxter state, depending on the rod height and the rod characteristic energy. When the rod height was low, the water droplet was in the Wenzel state. As the rod height increased or the rod characteristic energy decreased, the surface becomes more hydrophobic and changed to the Cassie-Baxter state. The dynamic state of the water droplet can be classified into three groups by its shape, which depends on the rod height, the rod characteristic energy, and the magnitude of the applied force [13] . The water droplet in the last group maintains its original spherical shape. This occurs only when the static droplet is in the Cassie-Baxter state [14] .
The polycrystalline nature of Ag and Ni nanorods introduces some variation in their morphology, including length, diameter, and shape [15] . Generally, the surface energies of metal surfaces are quite high, thus metal surfaces are regarded as hydrophilic. The geometry, the atomic arrangements, and the chemi-cally heterogeneous characteristics of the solid surfaces play key roles in surface wetting behavior. The surface energy also plays an important role in particle growth and shape selection. Surface energies associated with different crystallographic planes are usually different, and the general sequence γ (111) < γ (100) < γ (110) holds for most face-centered cubic crystals, such as the precious metals.
The thermodynamically preferable surfaces are those with densely packed planes of atoms exposed, i.e. the low-Miller-index planes (e.g. the familiar (100) and
(111) planes of a face centered-cubic lattice. For Ag the close-packed (111) face has the lowest energy, followed by the (100) and (110) faces [13] . The final shape of each Ag or Ni nanoparticle is determined thermodynamically by minimizing the total surface energy and/or kinetically by the growth rate, especially by a ratio of the growth rate along the (100) direction to the growth rate along the (111) direction [16] . Wulff polyhedrons contain extended (111) faces and are therefore often incorporated in the structure of noble metallic particle structures [15] . The hydrophobicity of the Ni and Ag surfaces produced by electrochemically controlled deposition has been discussed previously [17] [18] and the surface geometry and crystallographic orientation enabled modulation of surface hydrophobicity.
The aim of the present study was to extend this work and prepare Ag and Ni nanorods by electrodeposition and to determine the influence of composition and of nanorod aspect ratio on their surface hydrophobicity. The crystalline structure of the materials will also be examined and compared with earlier studies.
Materials and Methods
All operations were performed at atmospheric pressure and 25˚C. All chemicals were p.a. grade. Ultrapure water with resistivity of 18.2 MΩm was prepared with 
Preparation of Alumina Oxide Membrane Templates
Nanorod array silicon wafers were obtained from Brno University of Technology and were coated with a 200 nm tungsten layer and then with a 150 nm high-purity thin aluminum layer (99.99+%) by thermal evaporation (PVD). The thin porous AAO templates were prepared as described earlier [19] by a one-step anodic oxidation of aluminium thin film by using a constant voltage of 40 V in 0.3 mol/L oxalic acid solution in a conventional two-electrode system at 16˚C for thermostat and a controlling computer. A gold wire was used as counter electrode. Vertically aligned pores were formed by the honeycomb structure in the alumina layer. A high current drop indicated that the Al layer had been completely transformed to AAO and WO 3 nanodots, which were formed on the W and AAO interface below each pore. The sample was then washed with distilled water and dried. 
Preparation of the Cylindrical Arrays

Measurement of Contact Angles
Contact angles were measured by dropping water, glycerol, dimethylformamide (DMF) or dimethylsulfoxide (DMSO) onto the surfaces. The droplets were imaged with an EO-3112C colour USB camera (Edmund Optics, USA) and Image J software with plug-in LB-ADSA were used to determine the contact angles.
Results and Discussion
Results of SEM Nanorods Surface Characterization
Silver and nickel coated nanorods were prepared by electrodeposition on AAO templates which were then dissolved. 
Results of the Ag and Ni Nanorods Surface Hydrophobicity Measurements
The surface hydrophobicity of the nickel and silver high ordered nanorods surfaces was determined from the surface contact angles for four solutions (water, glycerol, DMSO, and DMF) ( Table 1) . Using the solvent properties in Table 2 the partial components of the surface tension can be determined from the relationships Equations (8) and (9) [23] .
From the graphical relation of ( ) ( )
The values for Ag nanorods with aspect ratio (AR) 10 were higher than those with an aspect ratio 1 (Figure 3 ) with the highest contact angle-150˚ being in the superhydrophobicity region (Figure 4) . The results for Ni nanorods ( Figure  5 ) showed the slopes of D S γ coefficients for both aspect ratios were very similar. For both metals, the higher surface hydrophobicities were found for nanorods with higher aspect ratio and at the highest value of the dispersive component of the surface tension. The surface energy decreased with increasing AR. This hydrophobicity boosting phenomenon could be explained also by elastocapillary coalescence [24] . High hydrophobicity of prepared nanorod metal array surfaces enhanced by elastocapillary coalescence creates unacceptable environment for cell adhesion and spreading as it is mentioned in our former publication [18] . Hydrophobic silver nanorod array surfaces are supposed to be used as antiadhesive substrates for bacterial cell adhesion for bacterial cell adhesion to prevent bacterial infection spreading. The surface polarizability (k S ) can be derived from the regression equation y = a + xb, where b represents k S and D S γ could be calculated from a 2 /4 [23] . The calculated surface polarizabilities are shown in Figure 6 . The most polar surface is represented by low aspect ratio Ni nanorods with the highest wettability. From the SEM micrographs ( Figure 2 ) the surface was highly ordered.
The experimental contact angles showed a good correlation with calculated values derived from Equations (1)-(4) (Figure 7) for the Wenzel state of hydrophobicity using the parameters in Table 3 .
The results for D S γ , polarizability, adhesion force and contact angle were compared to published values for randomly nanopatterned and highly ordered and oriented Ni and Ag surfaces [17] [18] and showed that the surface hydrophobicity increased from random patterned to highly ordered and oriented surfaces (Table 4 ). 
Crystallographic Analysis of Highly Ordered Nanorod Surfaces and Ag and Ni surface Energy Calculation
XRD measurements of the Ag and Ni nanorods confirmed the polycrystalline structure of the surfaces (Figure 8 (A) and Figure 8 reports [25] . Furthermore, the preferred orientation along the (111) plane indicates that the grown nanorods can be readily indexed as face centered cubic Ag and Ni, due to sharp peak seen at about 47.5˚ (Figure 8(A) ). It may be noted that other Bragg reflections were comparatively weak and considerably broadened relative to the (111) reflection, which indicates that Ag and Ni nanorods are anisotropic in shape.
The surface energy of the polycrystalline Ni and Ag nanorods was calculated based on crystallographic data with software VESTA (Figure 9 ).
Wulff projection has been applied and surface energy has been calculated in accordance with Equation (9) [26] and showed that Ag nanopillars have smaller surface energy and higher hydrophobicity than nanopillars of Ni which was more hydrophilic (Table 5 ). 
